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The rotational spectrum of N-acetyl alanine methyl ester, a derivative of the biomimetic, N-acetyl
alanine N�-methyl amide or alanine dipeptide, has been measured using a mini Fourier transform
spectrometer between 9 and 25 GHz as part of a project undertaken to determine the conformational
structures of various peptide mimetics from the torsion-rotation parameters of low-barrier methyl
tops. Torsion-rotation splittings from two of the three methyl tops capping the acetyl end of the
–NH–C�vO�– and the methoxy end of –C�vO�–O– groups account for most of the observed
lines. In addition to the AA state, two E states have been assigned and include an AE state having
a torsional barrier of 396.45�7� cm−1 �methoxy rotor� and an EA state having a barrier of
64.96�4� cm−1 �acetyl rotor�. The observed torsional barriers and rotational constants of alanine
dipeptide and its methyl ester are compared with predictions from Møller-Plesset second-order
perturbation theory �MP2� and density functional theory �DFT� in an effort to explore systematic
errors at the two levels of theory. After accounting for zero-point energy differences, the torsional
barriers at the MP2/cc-pVTZ level are in excellent agreement with experiment for the acetyl and
methoxy groups while DFT predictions range from 8% to 80% too high or low. DFT is found to
consistently overestimate the overall molecular size while MP2 methods give structures that are
undersized. Structural discrepancies of similar magnitude are evident in previous DFT results of
crystalline peptides. © 2006 American Institute of Physics. �DOI: 10.1063/1.2348871�
I. INTRODUCTION

Rotational spectroscopy has provided a wealth of struc-
tural, conformational, and torsional barrier information on
small organic and inorganic molecules to guide the develop-
ment and application of computational chemistry to prob-
lems in chemistry, physics, and materials science. Such spec-
troscopic data have been applied successfully to the
development and testing of molecular force fields used in
molecular mechanics modeling.1 It has also been widely used
to guide the optimization of the numerous density function-
als for ab initio electronic structure calculations by means of
comparisons made with highly precise and reliable experi-
mental structural data on model systems.2 Indeed, because of
its unsurpassed computational efficiency, density functional
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theory �DFT� is a major component of many quantum chemi-
cal packages with recent applications extending to periodic
crystalline solids in the condensed phase environments.3

The increasing application of computational chemistry to
problems in molecular biology, biotechnology, and nanotech-
nology is leading to new demands for validation data on
systems which more closely mimic biological molecules in
their conformational richness and functionality. Rotational
spectroscopic data are generally lacking on such biomolecu-
lar mimetics, limiting the availability of “molecular stan-
dards” to validate the computational method selected to
study the more complex biological system of interest. Alter-
natively, researchers have resorted to using results from
higher level quantum chemistry calculations on model sys-
tems and/or experimental results from NMR and x-ray crys-
tallographic studies on molecules containing functional
groups related to the molecule of interest.4 Limiting the util-

ity of the latter approach is the contamination of NMR and
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x-ray crystallography structural data by intermolecular inter-
actions with the condensed-phase environment. These types
of interactions may differ from the environment of interest or
lead to optimizations in which the parameters are contami-
nated by undesired environmental contributions. Further-
more, because of the numerous density functionals that are
currently available and the lack of any clear measure to se-
lect a priori the best functional for the system under study
�particularly for strongly hydrogen bonded systems�, com-
parisons with structural data of small isolated biomimetics
provide a simple and reliable means for making such evalu-
ations.

As one such example where system size prohibits a thor-
ough evaluation of the optimal functional, predictions from
force field �CHARMM1� and density functional theory �DFT/
PW91� have recently been reported for three different crys-
talline forms of trialanine that differ in �-sheet form and
hydrolysis content.5 The observed sensitivity of the terahertz
vibrational modes �which probe the incipient motions re-
sponsible for folding� to the hydrogen bonding network link-
ing the peptide monomers and the cocrystallized water is
dramatic. However, when compared with theoretical predic-
tions using two functionals �PW91 and PBE�, significant dis-
agreement is found between the x-ray structural data and the
terahertz absorption spectra at these levels of theory provid-
ing further motivation for the current study.

The discrepancies with theory suggest the need for
further evaluation and refinement of functionals using more
diverse �and complex� experimental data sets than the small
molecule and hydrogen bonded complexes currently
employed.2 For protein structure, a functional group critical
to these structural evaluations is the peptide bond linkage,
–�NHCO�–. In addition to the methyl ester of alanine dipep-
tide investigated here, a large set now exists including the
simplest peptide, formamide, H–�NHCO�–H,6 and its deriva-
tives, acetamide, H– �NHCO�–CH3,7 N-methylformamide,
CH3– �NHCO�–H,8 N-methylacetamide CH3– �NHCO�
–CH3,9 N ,N-dimethylformamide, �CH3�2– �NCO�–H,10

N-methylpropionamide, CH3– �NHCO�–CH2CH3,11 methyl
carbamate, H– �NHCO�–OCH3,12 and the ethyl
acetamidoacetate molecule �EAA� or N-acetylglycine
ethyl ester CH3– �CONH�–CH2C�vO�OCH2CH3.13

More recently, a few dipeptide derivatives,
N-acetyl-alanine N�-methylamide or alanine dipeptide
�AAMA�, CH3– �CONH�–CHCH3– �CONH�–CH3,14 and
N-acetyl-proline N�-methylamide or proline dipeptide
�APMA�, CH3– �CON�–CHC3H6– �CONH�–CH3,15 were
also studied.

In all of these studies, rotational spectroscopy has been
used as a tool for conformer identification and molecular
structure determination since different conformers have very
different moments of inertia and, therefore, have different
rotational spectra. Moreover, in all cases except formamide,
at least one methyl group caps either the N-terminus end,
CH3– �NHCO�–, or the C-terminus end, CH3– �CONH�–, of
the peptide bond and torsional barriers are sufficiently low
that additional splittings are observed. For example, in the
formamide derivatives, the V3 barriers range from 60 cm−1

−1 −1
�even 25 cm for acetamide� to 100 cm . These torsional
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splittings are much larger than those from, for example, the
ethyl group where V3 barriers typically range from
800 to 1200 cm−1. When methyl caps an oxygen atom to
form a methoxy group, –OCH3, like in the methyl carbamate
molecule, the barrier height is �400 cm−1 and intermediate
in magnitude.12

Increasingly complex biomimetics have also been stud-
ied using rotational spectroscopy including a few having two
low barrier tops. For example, using a perturbative-based
treatment that fits each of the torsional states separately, the
microwave studies of AAMA �Ref. 14� and APMA �Ref. 15�
have reported V3 barriers of the amide and acetyl methyl
groups of 81.6�1� and 98.5�2� cm−1 for the AAMA-14N2 and
337.6�5� and 80.1�1� cm−1 for APMA-14N2, respectively.
The spectrum of N-methylacetamide9 �studied using a global
method that fits all torsion-rotational states together� shows
similar barriers of 73.468�51� and 79.062�93� cm−1, respec-
tively. In nearly all cases, analysis of the torsion-rotation
splittings permits an accurate determination of the methyl
group�s� torsional barrier and its orientation in the molecule,
following the method described in Ref. 14. The torsional
barriers and orientation angles provide rigorous points of
comparison with force field and ab initio theories.

The present work is concerned with the rotational spec-
trum of the methyl ester derivative of AAMA,
N-acetyl-alanine methyl ester �AAME�, where the
CH3– �NHCO�– fragment has been substituted by the group,
CH3–C�vO�–O–, shown in the top panel of Fig. 1. We
expect the methyl rotor group attached to the alpha carbon of

FIG. 1. Lowest energy structures of N-acetyl alanine methyl ester �AAME-
top� and N-acetyl alanine N�-methyl amide �AAMA-bottom� at the MP2/cc-
pVTZ level illustrating the intramolecular hydrogen bonding arrangements
that define the C5 and C7 configurations, respectively. The atoms are num-
bered to be consistent with the dihedral angles given in Table IV. Tunneling
splittings are observed only for the methyl groups indicated with arrows
capping the CH3C�vO�NH– ends �acetyl�, the –C�vO�OCH3 end �meth-
oxy�, and –C�vO�NHCH3 �amide� end.
alanine to be hindered by a barrier that is too large to give
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rise to observable splittings in the spectrum �vide infra�.
Therefore, this molecule is an example of an alanine deriva-
tive having resolvable splitting from two methyl tops.

One purpose of the present work is to compare the re-
sults of two different one-top fitting models: the effective
perturbation treatment described in Ref. 14 and the rho-axis
method �RAM� global approach described in Refs. 13 and
16. These two methods have both been used for a number of
one-top methyl-rotor molecules and compared previously in
the case of the ethyl acetamidoacetate molecule �EAA�
which has two low energy conformers, one with all the
heavy atoms lying in plane �Cs global fit program� and one
with the ethyl group folding out of plane �C1 global fit
program�.13,16 The focus here is to compare the results of
these two one-dimensional �1D� fitting approaches to arrive a
better estimate of the experimental uncertainties associated
with the methyl top orientations �and other torsional param-
eters� of a two-top molecule.

A second focus of this work is to explore the accuracy of
quantum chemical calculations for determinations of biomo-
lecular structure and methyl torsional barriers. For this pur-
pose, we include the results from AAMA, since the lowest
energy conformer has a C7

eq configuration characterized by an
intramolecular hydrogen bond between adjacent peptide
linkages in Fig. 1 �bottom�. This configuration is in contrast
to the lowest energy extended chain or C5 conformation of
AAME found here in Fig. 1 �top�, thereby providing com-
parison data for two different structural motifs. We also use
these two systems to examine theoretical contributions to the
torsional barriers from vibrational zero-point effects and the
next higher-order Fourier component in the torsional poten-
tial energy surfaces.

II. EXPERIMENT

Like all peptide related compounds, AAME is a solid at
room temperature and requires heating to produce sufficient
vapor pressure for study in the gas phase. It was expected
that the methyl ester functionality on the end of the molecule
would make this particular compound more volatile than the
AAMA previously studied.14 However, it was also expected
that thermal decomposition might still occur so a Sil-
costeel™ coated reservoir nozzle was used. Several explor-
atory survey scans were made at increasingly higher tem-
peratures using a mini Fourier transform microwave
�FTMW� spectrometer at NIST.17 The first transitions were
observed when the reservoir temperature reached approxi-
mately 150 °C. Once a stable spectrum was obtained, a com-
plete set of measurements was performed in the frequency
range between 9 and 25 GHz.

III. RESULTS

A. Spectral assignments

The energy level diagram of the expected torsional level
splittings of AAME is shown in Fig. 2. The two-top notation
described in Ref. 9 is used here where the two letters, AA,
AE, EA, and EE, indicate the symmetry species of the wave
function with respect to the nuclear-permutation-inversion

group of two methyl tops; AA, AE, EA, and EE correspond to
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A1, E2, E1, and E3 /E4, respectively, in the permutation-
inversion group G18. It was anticipated from previous studies
of acetyl methyl tops capping peptide bonds7,9,13–15 that a
large torsional splitting would occur for this group. This
splitting is labeled as �1 in Fig. 2 and identified throughout
this work as the �AA ,EA� state set. Conversely, the expected
high barrier of the methoxy top would give a smaller split-
ting labeled as �2 in Fig. 2 and identified here as the
�AA ,AE� state set. The presence of resolvable splittings from
two tops requires also transitions from a third �AA ,EE� state
set and the additional splitting associated with the EE state
also shown in the figure.

The MW spectrum from survey scans of AAME is
shown in the upper trace of Fig. 3. It was rather straightfor-

FIG. 2. The three sets of internal splittings in AAME �the figure is not done
at the exact energy scale� for J=K=0; 1. �AA ,EA� V3=65.6 cm−1, low bar-
rier case: �1�2 cm−1; 2. �AA ,AE� V3=399.2 cm−1, high barrier case: �2

�0.01 cm−1; 3. �AA ,EE� not treated here. The level on the left is first split
into A and E torsional components by the acetyl methyl rotor. Each of these
levels is further split into two levels by the methoxy methyl top. The EE
level is finally split into two levels due to the top-top interaction �not treated
here�. The energy labels A1, A2, E1, E2, E3, and E4 in column 4 use the G18

permutation-inversion species notation and the AA, AE, EA, and EE nota-
tions in column 2 refers to the notation C3

1
� C3

2 where the superscripts
indicate the acetyl and methoxy methyl tops, respectively �for a complete
description of the group theory, see also Table I and Fig. 3 of Ref. 9�.

FIG. 3. Observed and calculated spectra for the 10–20 GHz frequency

range.
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ward to assign the gross features of the AA state since the
overall spectrum appears to be that of a prolate rotor having
a-type selection rules. The high K−1 a-type, R-branch transi-
tions occur in a regular pattern, spaced by approximately
�B+C� where B and C are the rotational constants. The
R-branch “pileups” are easily visible in Fig. 3 with a spacing
of about 1.6 GHz. In addition to the methyl torsional split-
tings, AAME contains one 14N nucleus and, therefore,
nuclear quadrupolar coupling will result in a hyperfine pat-
tern for each rotational line. The hyperfine structure of the
AA state was modeled in first order and assigned using fea-
tures of the graphical user interface program, JB95.14,18 The
assigned line set was then fit using a second-order nuclear
quadrupole Hamiltonian. Rotational transitions obeying
a-type, b-type, and c-type selection rules were observed and
fit to a standard deviation of 1.3 kHz, well within the experi-
mental uncertainty of 4 kHz. The best-fit rotational and
nuclear quadrupole hyperfine constants for the AA state are
given in Table I. The simulated spectrum is shown below the
experimental traces in Figs. 3 and 4.

Located near many of the AA-state lines were transitions
having very different hyperfine splitting patterns. These tran-
sitions were attributed to the AE state of the methoxy methyl
rotor. It was straightforward to model the torsion-rotation
perturbations of this state using the principal axis method.19

However, locating and assigning the third set of transitions
associated with the low barrier EA state was much more
difficult, requiring first, reasonable estimates of parameters
and second, the use of closed loops to confirm assignments.
Furthermore, to obtain reliable line centers, the AA-state hy-
perfine parameters were used to model and assign in first
order the nuclear quadrupole structure of the EA and AE
states. As evident from the standard deviations reported in
Table I, this first-order procedure worked extremely well.
Simulated spectra of the EA and AE states predicted using
JB95 are shown in Figs. 3 and 4.

The experimental residual trace where the AA-, AE-, and
EA-state transitions have been removed is shown at the bot-
tom of Fig. 3. At the signal-to-noise ratio of these measure-

FIG. 4. Observed and calculated spectral region containing the J=15−14
transitions.
ments, only a few unassigned transitions remain, suggesting
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that only one conformational isomer is present in the jet-
cooled expansion. The few remaining lines near the noise
floor are likely associated with the fourth �EE� state and not
treated further here using our one-top programs.

B. Least-squares fits

For the perturbative-based method, rotational transitions
of the AA torsional state are fitted separately from transitions
of the AE and EA torsional states.19 The resulting constants
are then compared in pairs for the �AA ,AE� and �AA ,EA�
sets using perturbation theory applied to a one-top rotation
Hamiltonian to determine the barriers and the methyl rotor
axis directions.14 In the so-called RAM, the two sets,
�AA ,AE� and �AA ,EA�, are each fitted together also using a
one-top formalism �designated here as the global fit method�
and the barrier height as well as other torsional parameters
are determined directly as floated parameters.16

Using the perturbative-based approach as implemented
in the JB95 program,18 the 58, 65, and 72 rotational lines
assigned to the AA, EA, and AE states were fitted to 1.3, 1.9,
and 2.1 kHz, respectively. The best-fit parameters and uncer-
tainties �type A, k=1 or 1��20 are given in Table I. The AA
state was fitted to a Watson A-reduction asymmetric rotor
Hamiltonian �representation Ir�. The EA-state transitions of
the acetyl methyl top were fitted in the “rho-axis” frame by
adding a linear Coriolis term, Da�Pa�, three off-diagonal mo-
ment of inertia operators, E���P�P�+P�P�� with � ,�
=a ,b ,c, and a few additional terms in higher powers of P.
We note that one of the off-diagonal cross terms �Eac� has
been fixed to the value given by the minimum standard de-
viation as discussed elsewhere.14 Indeed, as already pointed
out in Refs. 13 and 14, all three of the off-diagonal cross
products, Eab, Eac, and Ebc, cannot be simultaneously deter-
mined since one of them can be removed by an appropriate
rotation about the � axis. Because of the larger torsional
barrier of the methoxy top, fits of the AE state using JB95

were performed in two different reference frames. One fit
was performed in the “rho-axis” frame using the Da�, Eab, and
Eac terms described above and a second fit was done in the
principal axis system using the three linear operators, DaPa,
DbPb, and DcPc. In the former case, the rotational constants
were only poorly determined while in the latter, they were
well fit. Therefore, the principal axis frame results are given
in Table I. We note, however, that the two linear coefficients,
Db and Dc, have large uncertainties and, hence, the propa-
gated uncertainties associated with the rotor axis angles are
also large. These uncertainties did not decrease when fits
were performed in the rho-axis frame.

Using the global fit approach available in the C1

program,13,16 each torsional state pair, �AA ,AE� or �AA ,EA�,
was fitted together. The standard deviations of the fits given
in Table II are of the same quality as the perturbative fits and
within the experimental line uncertainty of 4 kHz, i.e.,
2.5 kHz for the 123 lines belonging to the �AA ,EA� set and
1.8 kHz for the 130 lines belonging to the �AA ,AE� set.
Table II gives the best-fit parameters obtained for the two
state pairs.21 Here, too, the acetyl methyl top presents no

particular problem when fitting two of the off-diagonal iner-
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tial cross terms �namely, Eab and Ebc� whereas in the high
barrier case, these two terms are poorly determined and no
higher-order terms could be determined.

Structural data related to the acetyl and methoxy rotors
were obtained in the following way. From fits performed in
the rho-axis frame using either method, the principal axis
rotational constants were obtained from diagonalization of
the inertia tensor involving one or more of the off-diagonal
cross products. For the perturbative approach and in either
reference frame, the “infinite barrier” constants, AR, BR, and
CR, were obtained from the average of the A- and E-state
principal axis values after applying second-order corrections
given by Eqs. �2� and �6� of Ref. 14. The methyl rotor axis
angles relative to the principal axis system, torsional barriers,
and other rotor constants were calculated using the separate
program.14 These parameters together with the corresponding
values from the global fit method are summarized in Table
III for both tops.

As evident from Table III, the rotational constants ob-
tained from the two methods agree to within 0.01%–0.1%.
The torsional barriers determined for the acetyl and methoxy
methyl rotors are 64.96�4� and 396.45�7� cm−1 using the
C1-RAM program and 66.35�5� and 402�4� cm−1 using the

TABLE I. Torsion-rotation parameters of the AA sta
from JB95 fits of Fourier transform microwave transiti
are given in the lower part. Type-A standard uncertain
are given in parentheses.

Parametera Operator A

A �MHz� Pa
2 3011

B �MHz� Pb
2 670

C �MHz� Pc
2 596

Da �MHz� Pa

Db �MHz� Pb

Dc �MHz� Pc

Eab �MHz� PaPb+ PbPa

Eac �MHz� PaPc+ PcPa

Ebc �MHz� PbPc+ PcPb

�JK �kHz� −P2Pa
2 −0

�J �kHz� −P4 0
�K �kHz� −Pa

4 3
�J �kHz� −2P2�Pb

2− Pc
2� 0

�K �kHz� −�Pa
2 , �Pb

2− Pc
2�� 0

Ga �kHz� Pa
3

Gaab �kHz� Pa
2Pb+ PaPbPa+ PbPa

2

Gbba �kHz� Pb
2Pa+ PbPaPb+ PaPb

2

La �kHz� Pa
5

eQqaa �MHz� 2
eQqbb �MHz� 1
eQqcc �MHz� −3

�rms �kHz�
58 l

aParameter names and units are given in the first colu
torsion-rotation Hamiltonian are given in column tw
bAcetyl and methoxy tops are methyl rotors capping t
methoxy group, –C�vO�OCH3 �high barrier case� a
AE� datasets, respectively.
cAA-state parameters used in the first-order approxim
centers. See text for details.
JB95 program, respectively. These differences are within a
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few percent and similar to those found in the study of ethyl
acetamidoacetate.13 The discrepancies are, however, larger
than the standard deviation of the parameters by an order of
magnitude and likely a result of systematic errors in the
models. The same holds true for the torsional parameter, �.

By far, the largest discrepancies between the methods
appear in the rotor axis angles of the methoxy top, differing
by as much as a few degrees �although still within the propa-
gated experimental uncertainties�. This is in contrast to the
much smaller differences of 0.2° or less for the acetyl methyl
top. In the high barrier case, it is more difficult to get the
torsion-rotational parameters with the same precision as for
the low barrier case, since the torsional splittings are small in
the ground torsional state. This led to a situation when both
F and V3 cannot be simultaneously determined with the lim-
ited data set available here for the ground torsional state
only. Furthermore, from the fits in the rho-axis frame using
either method, the constants A, B, and Eab are highly corre-
lated and this led to large uncertainties in the values of the
torsional angles. We also cannot rule out the possibility that
top-top interactions could likely play a larger role for the
small torsional splittings of the methoxy group making our
one-top models less reliable. Finally, the peptide bond may

A state �acetyl rotor�, and AE state �methoxy rotor�
he nuclear quadrupole parameters fit to the AA state

�Ref. 20� �i.e., k=1 or 1�� from the least-squares fits

teb EA stateb AE stateb

9�2� 2883.967�1� 3011.685 3�2�
22�5� 753.5632�9� 670.725 68�7�
88�7� 620.8455�1� 596.330 08�8�

1126.632�1� 6.441 6�5�
¯ −0.65�12�
¯ −0.093�1�

440.753�2� ¯

214.9584fixed
¯

59.2224�3� ¯

�2� −0.814�5� −0.069�3�
7�1� 0.0397�3� 0.024 9�2�
� 4.70�2� 3.83�1�
24�6� 0.0072�4� ¯

� −0.11�1� 0.46�2�
−182.2�1� −1.49�3�

2.4�1� ¯

−0.47�6� ¯

0.020�2� ¯

�3� c c

�3� c c

�3� c c

8 par.
1.9

65 lines, 16 par.
2.1

72 lines, 11 par.

the operators which these parameters multiply in the
,B�=AB+BA.
acetyl group CH3C�vO�NH– �low barrier case� and
rrespond to the splittings of the �AA, EA� and �AA,

n to determine the EA- and AE-state rotational line
te, E
ons. T
ties

A sta

.890

.727

.329
¯

¯

¯

¯

¯

¯

.072

.024

.88�3

.000

.45�2
¯

¯

¯

¯

.032

.072

.104

1.3
ines,

mn;
o, �A
he N-
nd co

atio
become slightly nonplanar during methyl torsional motion.
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Higher-order terms are needed to model such behavior but
were not reliably determined in the high barrier case in con-
trast to the low barrier fits where five higher-order terms
could be well determined �see c1, c2, dab, DabK, and GV in
Table II�.

IV. DISCUSSION

The gas-phase model peptides examined here and else-
where provide quantitative structural data to evaluate the ac-
curacy and overall deficiencies of ab initio methods. The
importance of having such data becomes clear from the poor
predictive quality of terahertz vibrational spectra of
condensed-phase crystalline peptides.5 While computations
of such large systems are now within the scope of software
packages employing density functional theory, a systematic
evaluation is problematic because of �i� the time required per
calculation and �ii� the impact of the environment. Evaluat-
ing functionals based on gas-phase model systems is there-
fore a necessary first step before predictions on complex
condensed-phase crystalline peptides can be refined.

In this section, we begin with the experimental determi-
nation of the structural parameters from the torsional state
analyses of AAME whereupon a definitive conformational

TABLE II. Torsion-rotation parameters from C1-RA
�Complete least-squares fit outputs containing all assi
can be found in the journal’s supplementary material.
from the least-square fits are given in parentheses.

Parametera nlm Operator

V3 �cm−1� 220 1
2 �1−cos 3��

F �cm−1� P�
2

� 211 P�Pa

A �MHz� 202 Pa
2

B �MHz� Pb
2

C �MHz� Pc
2

Eab �MHz� PaPb+ PbPa

Eac �MHz� PaPc+ PcPa

Ebc �MHz� PbPc+ PcPb

Gv �MHz� 422 P�
2P2

c2 �MHz� �1−cos 3���Pb
2− P

c1 �MHz� 2P�
2�Pb

2− Pc
2�

dab �MHz� �1−cos 3���PaPb+ P
�J �kHz� 404 −P4

�JK �kHz� −P2Pa
2

�K �kHz� −Pa
4

�J �kHz� −2P2�Pb
2− Pc

2�
�K �kHz� −�Pa

2 , �Pb
2− Pc

2��
DabK �kHz� Pa

3Pb+ PbPa
3

�rms �kHz� A+E /A /E
A+E

a�Parameter names and units are given in the first colu
torsion-rotation Hamiltonian are given in column thre
in the form F�P�−�Pa�2+APa

2. Column two contain
�A ,B�=AB+BA� of the AA state, EA state �acetyl ro
bAcetyl and methoxy tops are methyl rotors capping
and methoxy group, –C�vO�OCH3 �high barrier ca
�AA, AE� data sets, respectively.
cThe F and V3 values could not be determined simult
value corresponding to a value commonly accepted f
assignment is made following a full conformational search.
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The results previously reported for AAMA are included in
this discussion because of the different conformation forms
exhibited by these two systems. Both molecules are small
enough to apply high level quantum chemical methods that
include electron correlation with large basis sets. Finally, we
focus on comparisons of the observed structural data and
methyl torsional barriers with theoretical predictions from
Moller-Plesset perturbation theory �MP2� and density func-
tional theory �DFT� for a few of the most common function-
als used for hydrogen bonded systems.

A. Structural parameters

The experimentally determined rotational constants, AR,
etc., reported for each rotor in Table III were obtained after
correction for the effects of internal rotation. However, for a
valid comparison with the static structures determined from
theory, the experimental parameters must be corrected for
dynamical contributions from both rotors. The corrections
are most easily evaluated from the second-order perturbation
theory. For example, the second-order corrections to the A
constants in Table I are �+13.4,−6.0� and �+0.14,
−0.07� MHz for the �AA ,EA�- and �AA ,AE�-state pairs, re-
spectively, and are reported individually as AR, etc., and to-

bal fits of Fourier transform microwave transitions.
transitions, observed minus calculated residuals, etc.,
e-A standard uncertainties �Ref. 20� �i.e., k=1 or 1��

�AE, EA� statesb �AA, AE� statesc

64.96�4� 396.45�7�
5.341�2� 5.30c

0.013 375�1� 0.017 68�2�
2890.401 6�9� 2992.0�5�

774.16�6� 689.2�7�
600.45�6� 597.5�5�

−491.088�7� −214.�3�
0fixed 0fixed

15.831 4�2� 9.�2�
−0.048 2�3� 0.013�3�

1.2�1� ¯

0.044�5� ¯

1.75�2� ¯

¯ 0.023 08�9�
1.04�1� −0.148�3�
1.63�3� 3.994�9�

−0.013 4�2� −0.000 71�8�
0.453�8� 0.29�1�
2.16�2� ¯

2.5/1.6/3.1 1.8/1.4/2.0
123 lines, 17 par. 130 lines, 14 par.

he operators which these parameters multiply in the
cept for F, �, and A which appear in the Hamiltonian
nlm ordering scheme �Ref. 9� for these operators.
nd AE state �methoxy rotor�.

N-acetyl group, CH3C�vO�NH– �low barrier case�
nd correspond to the splittings of the �AA, EA� and

usly in the high barrier case. F was held fixed to the
ethyl rotors.
M glo
gned
� Typ

c
2�

bPa�

mn. T
e, ex
s an

tor�, a
the

se� a

aneo
or m
gether as ARR, etc., in Table III. While simultaneous rotor
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corrections are not readily available using the global fit pro-
cedure, we note that contributions from the methoxy rotor
�AE state� are small, amounting to 0.14 MHz or less. There-
fore, for the global fit case, the ARR, etc., constants reported
in Table III are those determined for the �AA ,EA�-state pair
with expanded uncertainties conveying potential contribu-
tions from the methoxy rotor. In every case, the “rigid rotor”
constants obtained from the two fitting procedures are within
±1 MHz.

B. Conformational searches of AAME

Since no prior theoretical studies have been performed
on AAME, conformational searches were first performed to
identify the lowest energy forms. Starting geometries were
defined by rotating about the dihedral angles, d1, d2, d3, and
d4 shown in Fig. 1 by 60°. Full geometry optimizations were
performed on these initial forms using DFT as implemented
in GAUSSIAN 03 program suite.22 The hybrid functional
B3LYP �Becke’s three parameter functional23 employing the
Lee, Yang, and Parr correlation functional24� and the 6
-31G�d� basis set was chosen for its known reliability for

25

TABLE III. Comparison between the rotational cons
the acetyl and methoxy methyl rotors obtained from

Global fita

�AA, EA� states �AA,

AR �MHz�c 2998.8�1� 3011
BR �MHz�c 669.23�6� 670
CR �MHz�c 596.97�2� 596
�I ��Å2�e −77.12 −73
BR+CR �MHz� 1266.20�8� 1266

ARR �MHz�f 2998.8�2�
BRR �MHz�f 669.23�6�
CRR �MHz�f 596.97�2�

Eab �cm−1�g −0.016 380 9�2� −0
Ebc �cm−1�g 0.000 528 077�6� 0
Eac �cm−1�g 0fixed

�h 0.0133 75�1� 0
V3 �cm−1� 64.96�4� 396
F �cm−1�h 5.341�2� 5

	a �°� 44.86�1� 22
	b �°� 46.75�1� 67
	c �°� 80.36�1� 87

aGlobal fits in the rho-axis frames �RAM� as descr
�i.e., k=1 or 1�� are given, as determined from the l
bPerturbation based fits using JB95 by fitting the three
�i.e., k=1 or 1�� are given, as determined from the l
cRotational parameters AR, BR, and CR where AR=h2

diagonalization of the inertia tensor.
dAverage of AA- and EA or AE-state second-order-co
eInertial effect �I=505 379�1/C−1/A−1/B�.
fARR, etc., represent rotational constants corrected
�Ref. 20�, k=1, and are assessed based on the contrib
than the �AA, EA�-state uncertainties.
gParameters multiplying �PaPb+ PbPa� for Eab, �PbP
Tables I and II�.
hF and � appear in the RAM Global fit Hamiltonian
predicting structures and relative energies. Thirteen stable
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conformers were located. The optimized values of the dihe-
dral angles and relative energies are given in Table IV.

To further confirm the energy order, single point calcu-
lations were performed on the five lowest energy forms at the
G3MP2B3 level of theory.25 This is a compound method for
calculating total energies of large molecules. It was assessed
on a total of 299 energies and gave an average absolute de-
viation of 0.99 kcal/mol for the values reported in Table IV.
Conformer A was again found to be lowest in energy by
more than 2 kcal/mole, further supporting the observed ab-
sence of additional lines from other conformers at the tem-
perature of our source �150 °C�.

The four lowest energy forms all have a trans peptide
bond configuration as indicated by the small values of d1 in
Table IV. Of the four lowest energy forms, conformer A is an
extended, almost linear chain with an intramolecular hydro-
gen bond characterizing a five-membered ring. This con-
former is different from the C7

eq form of AAMA and more
closely resembles the second most stable form predicted for
AAMA.14 The important structural distinctions of AAME
and AAMA are shown in Fig. 1. Replacement of the

methyl torsional parameters, barriers, and angles of
o fitting procedures.

JB95
b

states �AA, EA� states �AA, AE� states

2998.2�7�d 3011.755�5�d

� 670.05�8�d 670.7261.�5�d

� 596.29�2�d 596.3300�2�d

−75.27 −73.80
1266.33�9� 1267.056�4�

2998.1�7�
670.05�8�
596.29�2�

14�9� −0.014 701 9�1� 0fixed

31�6� 0.001 975 4�1� 0fixed

0.007 17fixed 0fixed

68�2� 0.013 36�5� 0.017 19�1�
� 66.35�5� 402�4�
ed 5.30fixed 5.30fixed

5� 44.94�5� 25.0�7.7�
0� 46.59�5� 65.2�8.5�
5� 80.58�5� 86.4�1.2�

in Ref. 13. Type-A standard uncertainties �Ref. 20�
quares fit.
onal states separately. Type-A standard uncertainties
quare fit and propagation of errors.
etc., are reported in the principal axis system after

ed rotational constants, i.e., 1
2 �AR

A+AR
E�, etc.

cond order for both rotors. Error bars are type B
s determined from perturbation theory when greater

Pb� for Ebc, �PaPc+ PcPa� for Eac, respectively �see

e form F�P�−�Pa�2.
tants,
the tw

AE�

.7�1�

.65�2

.25�2

.78

.9�4�

.007

.000
0fixed

.017

.45�7

.30fix

.5�1.

.7�1.

.0�3.

ibed
east-s
torsi

east-s
/2Ia,

rrect

to se
ution

c+ Pc

in th
NH–CH3 group with the methyl ester group, O–CH3, re-
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moves the proton donor group of AAMA thereby eliminating
the intramolecular hydrogen bond characterizing the C7

eq

form. Hence, the Ramachandran angles, 
 and �, that define
these two forms resemble two different secondary structural
motifs. The C5 form is similar to an extended �-sheet struc-
ture having 
�−159° /�� +171° while the C7

eq is similar to
that of the � turn with 
�−82° /�� +75°.

C. Structural comparisons with theory

Full geometry optimizations were performed on the low-
est energy conformers of AAME and AAMA using second-
order Møller-Plesset perturbation theory26 and the
correlation-consistent polarized triple zeta basis set27 �MP2/
cc-pVTZ�. DFT calculations were performed using two dif-
ferent program suites. Optimized geometries were obtained
using the hybrid functional B3LYP/cc-pVTZ available in
GAUSSIAN03.22 Additional DFT calculations were performed
using the DMOL3 software suite which is capable of handling
optimizations of crystalline solids. The latter calculations in-
cluded all electrons and made use of a double numerical plus
polarization �DNP� atomic orbital basis set �equivalent to a
double �� and the functionals, PW91 �Ref. 28� and HCTH.29

In each case, a harmonic frequency analysis was performed
to confirm that the optimized geometry represented the true
equilibrium structure.

A summary of the optimized parameters of AAME and
AAMA is given in Tables V and VI, respectively. For ease of
comparison with experiment, the parameters are specified as
differences relative to the experimental values. For AAME,
the experimental values were determined from the average of
the two methods reported in Table III with experimental un-
certainties representing the one-half the difference between
the two methods. The rotor axis angles are of particular sig-
nificance in these comparisons since these parameters are
sensitive to the overall shape of the peptide along the soft

TABLE IV. Lowest energy conformational structures
Energies are specified relative to conformer A in kca

Peptide
bond

d1
a

�deg�
d2

a

�deg�

Aa trans 7.1 −157.4
B trans 2.9 −153.0
C trans −8.3 51.5
D trans −16.5 57.5
E cis −175.4 −147.2
F cis −173.2 −79.4
G cis 175.3 61.8
H trans 1.7 −155.2
I cis −178.0 −149.8
J trans 9.2 51.5
K trans −5.1 −66.2
L trans −15.5 71.8
M cis 179.2 −69.0

ad1 �C1–C5–N6–H7�, d2 �C5–N6–C9–C11�, d3 �N6–
dral angles corresponding to the atom numbering in
bAbsolute energies are −515.715 74 hartrees and −514
levels of theory, respectively.
torsional surfaces defined in large part by the strength of the
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intramolecular hydrogen bond. For the theoretical structures,
this axis is defined as a vector from the center of mass of the
three methyl hydrogens to the methyl carbon atom to best
account for the calculated asymmetry of the methyl group.
The orientation of this vector is specified relative to the prin-
cipal axis frame by the magnitudes of the �direction cosine�
angles. A full discussion of the torsional barrier determina-
tions from theory is given in the next section.

In general, the predicted rotational constants and rotor
axis angles given in Tables V and VI are in good agreement
with experiment for both AAME and AAMA. The calculated
rotational constants are within 5% for AAME and 4% for
AAMA and all angles are less than 4°. Notice also that the
experimental uncertainties determined from the two fitting
methods are typically much smaller than the discrepancies
with theory. The only exception occurs for angles of the
methoxy rotor of AAME for the reasons discussed above.

There are also some clear trends within each level of
theory. For example, in nearly every case, DFT methods pre-
dict rotational constants that are too small compared to ex-
periment while the MP2 values tend to overestimate them.
Since the inertial parameters are inversely related to the ro-
tational constants, the MP2 and DFT methods give overall
structures that are smaller and larger than observed, respec-
tively. The overestimated sizes predicted by DFT also have
some bearing on results reported for the parallel and antipar-
allel �-sheet forms of crystalline trialanine.5 For example, at
the DFT/PW91 level of theory, the majority of the hydrogen
bond distances �measured as heavy atom separations� were
underestimated by as much as 0.5 Å relative to the x-ray
crystal data. It was not clear from this work whether the main
source of error was from intramolecular interactions or from
many body effects associated with the vast network of inter-
molecular hydrogen bonds. However, when the rotational
constants of the two asymmetric molecules of the P21 �par-

e B3LYP/6-31G�d� and G3MP2B3 levels of theory.
.

�
d4

a

�deg�

B3LYP/
6-31G�d�b

�kcal/mol�
G3MP2B3b

�kcal/mol�

0 −0.4 0.0 0.0
1 −0.6 2.485 2.295
9 5.0 4.129 2.556
0 −2.0 4.374 3.037
1 −0.6 4.763 4.549
5 −1.4 5.447
8 −0.5 8.384
0 169.9 8.603
4 172.3 14.201
6 −172.9 14.954
3 175.1 15.757
3 174.1 16.359
3 178.6 16.535

11–O12�, and d4 �O12–C11–O13-C14� are the dihe-
.
138 hartrees at the B3LYP/631G�d� and G3MP2B3
at th
l/mol

d3
a

�deg

−9.
171.

−146.
29.

−20.
111.
−13.
−26.
−30.

−132.
146.
−12.
138.

C9–C
Fig. 1
.974
allel� and C2 �antiparallel� unit cells are compared with those
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determined from the x-ray structural data, the A, B, and C
constants are underestimated on average by 4.5%, 1.5%, and
1.2%, respectively, differences that are remarkably similar to
those found here in the gas phase. It is apparent from these
gas-phase comparisons that the structural errors in the mono-
mers at least partially explain the discrepancies with the
x-ray data since expanding the size of the monomers for a
fixed cell volume would lead to hydrogen bonds that are too
short.

Similar trends in the rotor axis angle differences, �	, are
not as apparent for the different levels of theory. For the
acetyl methyl rotors of AAME and AAMA, the �	a from
MP2 and DFT are all positive while �	c are always negative.
Similarly, for the amide rotor of AAMA, �	a and �	b are
positive while �	c are negative at both levels. In contrast,
�	a and �	c of the amide rotor of AAMA are of the same
sign at the DFT level but opposite to that found at the MP2
level. While these differences are all less than 4°, it is inter-
esting to note that the angle errors are of similar magnitude
to the theoretical differences in the Ramachandran angles
given in the lower parts of Tables V and VI. However, to
draw any further conclusions, additional experimental struc-
tural data from isotopologues would first be necessary.

D. Torsional barrier comparisons

The torsional barriers reflect competing steric and hyper-
conjugative interactions with the orbitals adjacent to the me-
thyl group and will be discussed in a forthcoming article.30

Our general focus here is on the magnitudes of the predicted

TABLE V. Comparison between the experimental an
eters, barriers, and angles of the acetyl �upper� and me
are specified as differences �Expt.−Calc.� relative to

Expt.a MP2b

A �MHz� 2998.4�3� −16.1
B �MHz� 669.6�4� −5.6
C �MHz� 596.6�3� −2.9

	a �°�d 44.9�1� +1.9
	b �°�d 46.7�1� −1.4
	c �°�d 80.5�1� −1.4
V3 �cm−1� 65.6�7� −2.7

	a �°�d 23.7�1.2� −2.8
	b �°�d 66.5�1.2� +3.0
	c �°�d 86.7�3� −1.6
V3 �cm−1� 399.2�3.0� +0.3


 �°� −159.4
� �°� 171.1
rN–H¯OvC 2.218
	N–H¯OvC 105.4

aAverage of the JB95 and global fit methods with unce
bMP2 and B3LYP make use of the cc-pVTZ basis se
cPW91 and HCTH hybrid functionals make use of a
dFor the theoretical values, the methyl top angles a
hydrogens to the Cartesian position of the methyl ca
eZero-point energy corrections obtained from B3LYP
verses experimental barriers and the explicit impact of two
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factors: the zero-point energy contributions and the next
higher-order Fourier component, V6, in the torsional poten-
tial which is addressed separately below.

For a complete theoretical treatment of the methyl tor-
sional barrier, the explicit definition of the symmetry adapted
torsional coordinate in terms of the structure becomes an
issue.31–33 However, for V3 barrier calculations, the specifi-
cation of the explicit coordinate is not relevant since no
structural constraints were applied for either the equilibrium
or transition state �top-of-barrier� calculations. The torsional
barriers were calculated in a two step procedure. First, the
methyl group was rotated by 180° and the structure was op-
timized except for the frozen dihedral defining the torsional
coordinate. Then, fully relaxed geometries were obtained fol-
lowing optimization of the transition state structures. In all
cases, a harmonic normal mode analysis revealed a single
imaginary frequency. In the first approximation, a fair esti-
mate of the V3 term is the energy difference between the
transition state and equilibrium structures. However, the ex-
perimentally determined barrier also includes contributions
from the differences in the zero-point energies ��ZPE� along
the other normal mode coordinates, qi, i.e.,

��*�q1� ¯ �*�q3n−6�� 1
2V3�q1, ¯ q3n−6��1 − cos�3
��

���q1� ¯ ��q3n−6�� , �1�

where 
 is the methyl torsional angle. Assuming an adiabatic
separation of the torsional coordinate from the other vibra-
tional degrees of freedom in Eq. �1�,33 the �ZPE correction
from theory requires identification of the methyl torsional
mode in both the equilibrium and top-of-barrier configura-

oretical rotational constants, methyl torsional param-
y �lower� methyl rotors of AAME. Theoretical values
riment.

B3LYPb PW91c HCTHc

+54.6 +114.0 +138.6
+2.4 +3.1 +5.2
+1.6 +1.3 −1.8

+2.1 +1.9 +3.1
−1.8 −1.4 −2.9
−1.0 −1.5 −0.4

+20.1 −22.2e −52.6e

−2.0 −2.9 −1.2
+2.2 +3.1 +1.4
−3.1 −3.2 −2.2

−145.6 +166.3e +99.9e

−155.5 −153.3 −150.8
169.8 169.2 166.9

2.239 2.234 2.291
105.2 105.7 103.9

ies representing one-half the difference in the values.
the GAUSSIAN03 program suite �Ref. 22�.

e numerical basis and DMOL3 program suite �Ref. 3�.
ken from the center of gravity of the three methyl

VTZ results �see Table VII�.
d the
thox
expe

rtaint
t and
doubl
re ta
rbon.
/cc-p
tions. While easily identified for the transition state structure
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as the mode with imaginary frequency, this vibration is often
mixed with other modes in the equilibrium normal mode
analysis. Methods making use of the intrinsic reaction
coordinate31 or distinguished reaction coordinate33 have been
recently shown to resolve this problem. However, as a less
computationally intensive alternative, an approximate ZPE
corrected torsional barrier, V3

ZPE, may be obtained from

V3
ZPE = V3 + �ZPENT + ZPE
 = V3 + �ZPE,

where �ZPENT is the ZPE difference between the transition
state �that excludes the mode with imaginary frequency� and
the equilibrium geometry and ZPE
 is that calculated di-

TABLE VI. Comparison between the experimental
rameters, barriers, and angles of the acetyl �upper�
values are specified as differences relative to experim

JB95 MP2a

A �MHz� 1711.0�5� +4.7
B �MHz� 991.9�5� −17.0
C �MHz� 716.1�5� −10.5

	a �°�c 34.3�1� +0.9
	b �°�c 82.3�1� +1.2
	c �°�c 56.8�1� −1.3
V3 �cm−1� 98.5�1�d −2.6

	a �°�c 47.4�1� −0.9
	b �°�c 48.7�1� +0.2
	c �°�c 71.0�1� +1.2
V3 �cm−1� 81.6�1�d +32.2


 �°� −82.5
� �°� 74.9
rN–H¯OvC 2.005
	N–H¯OvC 145.4

aMP2 and B3LYP make use of the cc-pVTZ basis se
bPW91 and HCTH hybrid functionals make use of
�Ref. 3�.
cFor the theoretical values, the methyl top angles a
hydrogens to the Cartesian position of the methyl ca
dV3 barriers recalculated with fixed values of F=5.
Ref. 4.
eConformational minimum anti and opposite to the M
fZero-point energy corrections obtained from the B3L

TABLE VII. Theoretical values of V3 torsional barrie
text for method and definition of terms.

Acetyl−Expt. V3 65.6�7� c

AAMEa b V3 �ZPE

HF/cc-pVTZ a 28.6 −28.7
B3LYP/cc-pVTZ a 84.3 −35.8
MP2/cc-pVTZ a 91.7 −23.4

AAMAa Acetyl−Expt. V3 98.5�1� c

HF/cc-pVTZ a 45.1 −29.4
B3LYP/cc-pVTZ a 114.6 −23.9
MP2/cc-pVTZ a 126.5 −25.4

aThe V3 torsional barriers calculated at the MP2/cc-pV
1266 and 1100 cm−1 for AAME and AAMA, respect
bApproximate anti �a� or syn �s� equilibrium configur

bond for the acetyl and methoxy rotors and the N–H bond
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rectly for a 1
2V3�1-cos�3
�� potential and a methyl rotor con-

stant of F=5.30 cm−1. The V3
ZPE obtained in this way as well

as the conformational preferences predicted for AAMA and
AAME are summarized in Table VII. Unfortunately, the nu-
merical nature of the DFT methods implemented in DMOL3

precluded a similar zero-point energy analysis. Therefore, the
�ZPE corrections applied in Tables V and VI for the PW91
and HTCH functionals are those from B3LYP/cc-pVTZ
given in Table VII. We also include as a footnote in Table
VII the V3 torsional barriers calculated for the methyl rotors
attached to the alanine residues of AAME and AAMA. Both
barriers are larger than �1000 cm−1 and, therefore, are ex-

heoretical rotational constants, methyl torsional pa-
mide �lower� methyl rotors of AAMA. Theoretical
as �Expt.−Calc.�.

B3LYPa PW91b HCTHb

+6.8 +17.3 +0.7
+9.0 +5.1 +40.0
+7.6 +10.1 +15.6

+2.5 +4.0 +2.8
+0.7 −0.8 −1.2
−2.8 −3.9 −2.5
+7.8 −32.0e +38.2e

+0.5 −0.2 +1.3
−0.1 +0.6 −0.9
−0.6 −0.6 −0.7

+55.1e +33.5e,f +54.2e,f

−83.8 −83.0 −88.1
73.3 70.8 76.4
2.073 1.995 2.238

144.2 147.5 142.3

the GAUSSIAN03 program suite �Ref. 22�.
uble numerical basis and the DMOL3 program suite

ken from the center of gravity of the three methyl

−1 for both rotors compared to values reported in

and HF� result.
c-pVTZ results �see Table VII�.

rected for zero-point energy differences ��ZPE�. See

Methoxy−Expt. V3 399.2�3.0� cm−1

E b V3 �ZPE V3
ZPE

.1 a 438.2 −8.6 429.6

.5 a 262.6 −9.0 253.6

.3 a 404.5 −5.6 398.9

Amide−Expt. V3 81.6�1� cm−1

.7 s 122.6 10.8 133.4

.7 a 51.5 −25.0 26.5

.1 s 49.6 −0.1 49.5

evel for the methyl rotors on the alanine residues are
.
s of the methyl group with with respect to the CvO
and t
and a
ents

t and
a do

re ta
rbon.
30 cm

P2 �
rs cor

m−1

V3
ZP

−0
45
68

m−1

15
90

101

TZ l
ively
ation
for the amide rotor.
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pected to have torsional splitting too small to be resolved in
the MW region as observed.

After correction of the �ZPE at the MP2 level, the tor-
sional barriers for three of the four low-barrier tops are in
excellent agreement with experiment while the barrier pre-
dicted for the amide rotor is still somewhat underestimated.
Notice also that the effect of �ZPE is less than 1/10 of the
V3 barriers for the methoxy and amide methyl rotors while
contributions are more significant for the acetyl rotors
amounting to as much as 1/3 of V3. At the DFT levels, no
clear trends with the different functionals are evident where
discrepancies are seen to vary by 8% in the best case and up
to 80% �too high or low� in the other cases. One of the more
surprising results is the near anti conformational minima pre-
dicted for amide methyl rotor of AAMA at all levels of DFT
in contrast to the near syn minima predicted at the MP2 �and
HF� level. This trend is found to be generally true for amide
rotors of other peptide mimetics30 and reveals a potential
serious limitation of DFT methods for structural studies of
peptides.

A second source of error in the torsional barrier compari-
sons regards the torsional barrier determination from the
MW data. With only the ground state torsional level fit, the
MW results give a measure of the V3 term only in the poten-
tial energy surface. However, the next higher-order V6 term
in the Fourier expansion may also be important,31 i.e.,

E = 1
2V3�1 − cos�3
�� + 1

2V6�1 − cos�6
�� ,

where 
 is the methyl torsional angle. To gain some insight
into the impact of the V6 term, relaxed potential surface
scans were performed at the MP2 and B3LYP levels for
AAME and the V3 and V6 terms were fitted to the resulting
surfaces. A summary of the parameters is given in Table VIII
and the contributions from each of these terms are shown
separately in Fig. 5. Notice that at both levels of theory, the
V6 terms have opposite signs for the two different rotors and

TABLE VIII. Experimental determinations of V3 fro
mined from least-squares fits to the relaxed potent
B3LYP/cc-pVTZ levels of theory for AAME. Result

A
Acetyl

V3
a V3 /V6

b

B3LYP 84.3 83.9�2� −
Global 65.0�1� 67.1�1� +
JB95 66.3�1� 68.3�1� +

MP2 91.7 93.0�2� +
Global 65.0�1� 69.3�1� +
JB95 66.3�1� 70.2�1� +

aV3 term only. Calculated values were determined f
transition state structures and exclude zero-point e
spectral fits of V3 only �V6=0�.
bThe V3 and V6 terms of E=V3 /2�1−cos�3
��+V6 /2
potential energy torsional surfaces where 
 is defined
the B3LYP/MP2 surfaces were −6.7�2� /−13.6�2� an
respectively. For the global and JB95 values, the V6

while V3 was floated.
for the low barrier case, the form of the potential is signifi-
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cantly improved with the addition of the V6 term.
The V6 contributions obtained in this way were then in-

cluded as fixed parameters in the global and JB95 programs
used to refit the V3 terms to the spectroscopic data. The new
values of the V3 barriers are given in Table VIII. The effect
of the V6 terms is to increase V3 of the acetyl rotor by only
�2–4 cm−1 and decrease V3 of the methoxy rotor by
�11 cm−1 at the B3LYP and MP2 levels. Therefore, the
overall impact on the methyl torsional barriers is small and
on the order of 6% for the acetyl rotors and decreases to 3%
for the methoxy rotor. It is apparent from comparisons with
results in Table VII that the �ZPE corrections for the acetyl
rotors are much more significant than the V6 contributions.

V. CONCLUSION

For a number of protected dipeptides �with their C- and
N-termini methyl capped� including alanine dipeptide,14

tryptophan,34 and phenylalanine35 studied in the gas phase, it
has been found experimentally �and confirmed by high level
ab initio calculations� that the lowest energy conformer is the
�-type secondary structure containing a hydrogen bond in a
seven-atom ring �name C7� from the amine to the carbonyl
oxygen. In larger peptides, other phenomenon compete with
� turns: � turns bridging the backbone CO and NH groups
via a ten-atom ring �C10�. Recent gas-phase studies employ-
ing UV and IR techniques in free-jet expansions have been
used to isolate each conformation in order to study this com-
petition between local conformational structures in
tripeptides.36 Fourier transform microwave spectroscopy
coupled with high level quantum theory can give precise and
complementary information regarding conformational struc-
ture. In this study, the substitution of the methyl amide group
–�CONH�–CH3 of AAMA by the methyl ester group
C�vO�–O–CH3 of AAME has interrupted the formation of
the seven-atom ring intramolecular hydrogen bond arrange-
ment observed for AAMA. Hence, the lowest energy con-

spectral data that include fixed values of V6 deter-
nergy surfaces calculated at the MP2/c-pVTZ and
e been rounded to 0.1 MHz for clarity.

Methoxy

V3
a V3 /V6

b �

262.6 264.5�5� +1.9
396.4�1� 384.8�1� −11.6
402�4� 391�4� −11

404.5 406.7�7� +2.2
396.4�1� 385.2�1� −11.2
402�4� 391�4� −11

the energy difference between the equilibrium and
corrections. The global and JB95 values are from

os�6
�� were fitted to the B3LYP and MP2 relaxed
e methyl torsional angle. The V6 terms obtained from
5.5�6� / +15.0�7� for the acetyl and methoxy rotors,

were kept fixed to these quantum chemical values
m the
ial e
s hav

AME

�

0.4
2.1
2.0

1.3
4.3
3.9

rom
nergy

�1−c
as th
d +1
terms
former of AAME determined here is stabilized by an in-
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tramolecular hydrogen bond from the amide proton of the–
�NHCO�–group to the carbonyl oxygen of the
CH3–O–C�vO� group through a five-atom ring or C5 in-
teraction.

We have also demonstrated the application of one-top
methods to analyze a two-top molecule, with different barrier
heights and with neglect of top-top interactions. However,
some care must be used when dealing with the structural
information deduced �such as the methyl orientation angles�
as there is some indeterminacy associated with the torsional
parameters obtained from our fits when the barrier is high
and the tunneling splittings carry little information. In further
studies, two-top models9 should be applied to test the valid-
ity of our approximations that neglect the interaction be-
tween the two tops. One may also want to improve the un-
certainties related to the torsional parameters by studying
excited torsional states.
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